Elevated intracellular calcium CCa2+) plays an important role in the pathophysiology of ischemic brain damage. The mechanisms by which iCa2+ increases are uncertain. Recent evidence implicates the voltage dependent calcium channel (VDCC) as a likely site for the alteration in Ca2 + homeostasis during ischemia. The pur pose of this study was to determine whether VDCCs are altered by global ischemia and reperfusion in a canine cardiac arrest, resuscitation model. We employed the ra dioligand, [3H]PN200-11O, to quantitate the equilibrium binding characteristics of the VDCCs in the cerebral cor tex. Twenty-five adult beagles were separated into four experimental groups: (a) nonischemic controls, (b) those undergoing lO-min ventricular fibrillation and apnea, (c) those undergoing lO-min ventricular fibrillation and apnea followed by spontaneous circulation and controlled res piration for 2 and (d) 24 h. Brain cortex samples were taken prior to killing of the animal, frozen immediately in liquid nitrogen, and crude synaptosomal membranes iso lated by differential centrifugation/filtration. After 10 min Serious neurological impairment is a major prob lem in patients who survive an in-or out-of-hospital cardiac arrest. Of those patients surviving a cardiac arrest in the community, only 13-19% leave the hospital, and 40% of these will have suffered seri-
± 0.03 nM) appeared to increase with ischemia and nor malize with reperfusion, the changes were not statisti cally significant. We conclude that the binding of eH]PN200-11O to L-type VDCCs is increased after 10 min of global ischemia/anoxia produced by ventricular fibrillation and apnea in the dog. This change is only par tially reversible after 24 h of reperfusion. This study sup ports the hypothesis that ischemia increases the number of VDCCs in the cell membrane which may allow in creased entry of Ca2 + into the cell during ischemia and early reperfusion. Key Words: Calcium channel blocking drugs-PN200-110--Nitrendipine-Cerebral ischemia Global ischemia-Resuscitation-Calcium ions.
ous neurological impairment as a result of the cere bral ischemia occurring during cardiac arrest and resuscitation (Longstreth et aI., 1983) . The cellular events that lead to permanent neurologic injury fol lowing complete cerebral ischemia are not under stood.
Calcium (Ca2+) plays a central role in a number of neuronal functions including regulatory pro cesses, membrane excitation, and neurotransmitter release. Disruption of Ca2 + homeostasis at the level of the cell membrane has been implicated in a num ber of pathological conditions and is thought to con tribute to the complex chain of events leading to delayed neuronal death following ischemia and reperfusion (Siesjo, 1981; White et al., 1983b) . One mechanism which may contribute to Ca2+ influx after ischemia from the extracellular compartment is the opening of voltage-dependent calcium chan nels (VDCC) located on the cell membrane. Four subclasses of VDCCs exist which are termed T, L, N, and the recently defined P-type, that differ with regard to their voltage sensitivities, kinetic proper ties, and pharmacologic sensitivities. L-type VDCCs have been localized to neuronal tissues (Gould et al., 1982; Miller, 1987) and are sensitive to organic calcium channel antagonists (CCA). Three distinct classes of CCAs are known to bind to the L-type VDCC and inhibit Ca2+ entry: (a) the 1,4dihydropyridines (DHP) such as nitrendipine, PN200-11 0 (Isradipine), and nimodipine, (b) the phenylalkylamines such as verapamil and D600, and (c) the benzothiazepines such as diltiazem.
Recent work implicates the VDCC as a likely site for alteration in Ca2 + homeostasis during ischemia and reperfusion. Few studies have, however, exam ined the changes in activity or functional status of the VDCC during ischemia and reperfusion. Mag noni et al. (1991) have noted an increased maximal binding (Bmax) of the DHP ligand eH1PN200-11O in rat hippocampus during ischemia produced by 1 h of right carotid artery ligation. Based on these re sults, we hypothesize that ischemia increases the number of VDCCs in the cell membrane, which may contribute to increased entry of Ca2+ into the cell during early reperfusion.
The purpose of the present study was to deter mine whether VDCCs are altered by global isch emia and reperfusion in a model clinically resem bling complete cerebral ischemia in the human. We employed the radioligand eH]PN200-11O (eH]iso propyl-4(2, 1 ,3-benzoxadiazol-4-yl)-1 ,4-dihydro-2,6dimethyl-5-methoxycarbonylpyridine-3-carbox ylate), which binds to L-type VDCCs in a specific, saturable, and reversible manner to quantitate the binding characteristics of the VDCC in the cerebral cortex after prolonged cardiac arrest and reperfu sion in the dog. The dog model of cardiac arrest secondary to ventricular fibrillation and resuscita tion with open-chest cardiac massage is an estab lished and reproducible model of complete cerebral ischemia and resuscitation most representative of the clinical scenario seen in both the prehospital and in-hospital setting (Rosenthal et al., 1987) .
METHODS

Surgical preparation
Twenty-five adult female beagles were used for this study. The animals were anesthetized intravenously with 17.0 mg/kg Bio-Tal (thiamylal sodium for injection, USP) and 75 mg/kg a-chloralose, endotracheally intubated and ventilated with room air with a Bennett MA-l ventilator.
Ventilator settings were adjusted to achieve a tidal vol ume of 17 cc/kg and the rate set to maintain a PC02 be tween 25-35 mm Hg; ventilator settings remained con stant thereafter. Muscle paralysis was maintained with i.v. pancuronium bromide, 0.1 mg kg-I h-I and antibi otic prophylaxis was administered with ceftriaxone, 250 mg i.v. every 24 h. Under sterile conditions cut-down catheters were placed in the left femoral artery and vein. The arterial catheter was attached to a transducer for continuous monitoring of arterial pressure. The venous catheter was advanced to the level of the inferior vena cava for resuscitative drug delivery. An intravenous in fusion of normal saline (3 ml kg-I h -I) was started and continued for the remainder of the experiment. ECG and MABP were monitored continuously. Core body temper ature was monitored continuously and maintained > 37°C with a heating blanket and heat lamps. A left lateral tho racotomy was performed through the fourth intercostal space and the pericardium incised and reflected.
Cardiac arrest and resuscitation
Following surgical preparation, dogs were randomly assigned to four experimental groups: (a) nonischemic, sham-operated controls (n = 8); (b) those undergoing 10min ventricular fibrillation (VF) and apnea (n = 6); (c) those undergoing lO-min VF and apnea followed by re suscitation and restoration of ventilation and spontaneous circulation for 2 (n = 5) and (d) 24 h (n = 7).
Cardiac arrest was induced with an electrical train of currents generated by a Grass stimulator, applied directly to the epicardium of the heart for 45 s. The presence of cardiac arrest was verified by ECG rhythm consistent with VF in the presence of MABP < 20 mm Hg. At the initiation of VF, ventilation was discontinued. VF was allowed to continue without treatment for 10 min fol lowed by ventilation [respiratory rate (RR) = 28, F P 2 = 100%] simultaneous with manual open chest cardiopul monary resuscitation (OCCPR) at a rate of 60/min. Epi nephrine (0.2 mllkg of 1/10,000 solution) and sodium bi carbonate (1 mEq/kg) was administered i.v. at the begin ning of the resuscitation. OCCPR was continued for 3 min followed by internal defibrillation at 35 Joules. All dogs were resuscitated with a single shock.
Postresuscitative care
Immediately following resuscitation, arterial blood gas (ABG) samples were measured and at 5, 30, and 60 min, and frequently thereafter until the conclusion of the ex periment. Ventilator settings were adjusted to maintain 70 < p02 < 100 mm Hg, and 25 < pC02 < 35 mm Hg. Rectal temperature was maintained above 37°C through the use of heating blankets and lights. Following stabilization of vital signs the chest was closed in four layers, a chest tube inserted, the chest cavity evacuated, and the chest tube connected to a Heimlich chest valve. In group (d), begin ning 4 hours after resuscitation, anesthesia and paralysis were maintained by a constant infusion of morphine sul fate (0.1 mg kg-I h -I) and pancuronium bromide (0.1 mg kg-I h -I). Animals were weaned from controlled venti lation between hours 20 and 22. Morphine sulfate was administered for agitation and pain control. At the con clusion of 24 h animals were awakened by an i. v. injection of naloxone (0.4 mg/kg). Animals were then tested for neurologic deficit (0 = normal, 100% = brain death) ac cording to a standardized neurologic deficit scoring sys tem modeled after a widely accepted system (Bircher and P. 1. HOEHNER ET AL. Safar, 1985) . The tests were performed by one of the investigators (RR) as well as by an individual not associ ated with the project.
At the end of the appropriate experimental period, brain samples were surgically removed for analysis. For animals in the 24-h resuscitation group, deep anesthesia and controlled ventilation was reestablished prior to cra niotomy with thiamylal and ex-chloralose. With the animal in a prone position, the scalp and skull musculature were surgically reflected and a 5 x 8 cm wedge of skull was removed to provide exposure to both cerebral cortices. Samples from both frontal and parietal cortices were re moved in situ and immediately frozen in liquid nitrogen. Following brain removal, the animals were euthanized with an overdose of Beuthanasia solution.
Brain crude synaptosomal membrane isolation
Brain crude synaptosomal membranes were prepared by a modification of the method of Magnoni et al. (1991) . Samples were used on the day of the experiment, minced, weighed, and transferred to 20x volumes of 0.32 M su crose, 50 mM Tris HCI, pH 7.5 (Buffer I) and homoge nized in a Brinkman polytron (60% full speed) for 20 s. Samples were then filtered through a double layer of cheesecloth and the homogenate centrifuged at 1000 g for 10 min. The pellet was discarded and the supernatant centrifuged at 48,000 g for 15 min. The pellet was resus pended in Buffer I, dounced x 3 with a Teflon wand and resuspended in 40--50 ml 50 mM Tris HCI, pH 7.5 (Buffer 11). The sample was then centrifuged at 48,000 g for 15 min. This washing phase was repeated after which the pellet was resuspended in Buffer II and dounce homoge nized x8-10 on ice. Samples were stored in I-ml aliquots at -80°C. Protein concentration was determined by the Coomassie binding method using bovine serum albumin as the standard (Bradford, 1976) .
Equilibrium binding assays
Binding assays, which were blinded to the experimen tal group, were carried out by incubating 50--100 fLg crude synaptosomal membrane protein in 5-ml glass vials at 25°C with 0.053, 0.105, 0.263, 0.525, and 1.050 nM eH]PN200-11O (82 Ci/mmol, New England Nuclear) in 50 mM Tris HCI (pH 7.5, total volume = 1.0 ml), in the presence or absence of 1.0 fLM unlabeled nitrendipine (NTP) as displacer to determine total and nonspecific binding. Samples were incubated for 60 min in an oscil lating water bath at a constant temperature of 25°C rather than 37°C in order to slow membrane degradation. Sam ples were shielded from light in order to prevent the deg radation of [3H]PN200-110 and NTP. The reaction was terminated by rapid filtering of the samples under vacuum onto Whatman GF/C glass fiber filters pretreated for 30 min with 0.5% polyethyleneamine and 10 fLM NTP in 50 mM Tris HCI buffer (pH 7.5) using a Brandel cell har vester (Brandel Research and Development Labs, Gaith ersberg MD, U.S.A.). The filters were washed three times with ice-cold buffer and allowed to air-dry for at least 3 h. The filters were then placed in scintillation vials with 5 ml 3a70 complete scintillation cocktail (Research Products International, Mount Prospect, IL, U.S.A.) and counted in a Beckman LS2800 scintillation counter. Counting efficiency was at least 55%.
Two studies were performed in quadruplicate for each membrane sample and each [3H]PN200-11O concentra- 1992 tion. Nonspecific binding was subtracted from total bind ing to obtain specific binding.
Data analysis
Equilibrium binding data were analyzed using an Enzfitter software package (Robin J. Leatherbarrow, Elsevier, Amsterdam) which yields an explicitly weighted, nonlinear, least-squares fit of the data to the following equation:
where Bmax is the total number of binding sites, Kd is the dissociation constant, and [PN2oo-110 1 free is the concen tration of PN2oo-110 in the reaction mixture. Data were linearized by a Scatchard transformation of the above equation:
Statistical analysis of the binding studies was per formed using analysis of variance (ANOY A) and paired t-test for comparing individual experiments. Yalues were considered significantly different at p < 0.05. All data are reported as mean ± SD of independent experiments. Table 1 shows the baseline mean arterial blood pressure (MABP), heart rate, and core body tem perature and Table 2 shows the arterial blood gas values prior to cardiac arrest in each experimental group. Cardiac arrest was induced in all animals in groups b-d with an epicardial train of electrical cur rents resulting in ventricular fibrillation (VF). All dogs were successfully defibrillated with a single shock following OCCPR for 3 min. Following return of spontaneous circulation, typically one saw a short (10-20 min) period of marked hypertension followed by a period of relative hypotension with slow recovery of mean arterial blood pressure to ward baseline over the next several hours.
RESULTS
All dogs surviving 24 h were awakened and ex amined with a standardized neurologic deficit score. In this system a score of 0% suggests no neurological injury, 100% equates to brain death. This model produced a reproducible neurologic in jury at 24 h with a mean neurologic deficit score of 41. 0 ± 7.21. eH]PN200-110 binds in a reversible and saturable manner to the brain crude synaptosomal membrane preparation. Scatchard analysis of [3H]PN200-11 0 binding revealed a linear plot supporting the as sumption of a single binding site for the ligand (Fig.  lB) . Control Kd and B ma x were 0.12 ± 0.03 nM and 11.16 ± 0. 98 fmol/mg protein, respectively. Table 3 shows the effects of ischemia and reperfusion on Kd and Bm ax. There was a significant increase (p < 0. 05) in the Bm ax after 10 min of ischemia to a value of 28. 35 ± 2. 78 fmol/mg protein (250% increase). This increase returned to near control levels 2 hours after reperfusion (16.32 ± 2. 02 fmol/mg protein) but was significantly elevated and remained so after 24 h of reperfusion (17.17 ± 0. 81 fmol/mg protein) as compared to the control. Although the Kd appeared to increase with ischemia (0.22 ± 0. 05 nM) and early reperfusion (0. 34 ± 0.10 nM) and normalize after 24 h (0.14 ± 0. 02 nM), these changes were not statistically significant. Figure 1A shows the effects of ischemia and 24 h of reperfusion on eH]PN200-110 specific binding as a function of [3H]PN200-11 0 concentration. Figure IB is the Scatchard transfor mation of these data.
DISCUSSION
We have demonstrated that eH]PN200-110 bind ing produces a linear Scatchard plot, which implies a saturable and specific, single class of high affinity binding sites for PN200-11O in canine brain crude synaptosomal membranes. Control Kd (0.12 ± 0.03 nM) and B ma x (11.16 ± 0.98 fmol/mg protein) of PN200-11O binding in the brain obtained in this study are in close agreement to those found by other investigators (Cortes et aI., 1984; Supavilai and Karobath, 1984; Govoni et aI., 1985) . Ten min utes of global ischemia/anoxia produced by VF car diac arrest and apnea produced a 250% increase in the Bm ax of PN200-110 binding which decreased with reperfusion, but still remained significantly
.... .. . greater than control values. The Kd did not appear to change significantly. The model of VF cardiac arrest/apnea provides a model of complete global brain ischemia that is eas ily reversible. This model produces a reproducible neurological deficit after 24 h of reperfusion and is representative of the clinical scenario of in-and out of-hospital cardiac arrest.
The brain contains a heterogeneous mixture of different calcium channels. Four subclasses of VDCCs exist which are termed T, L, N, and the recently defined P-type, that differ with regards to their voltage sensItivIties, kinetic properties, and pharmacologic sensitivities. The N-type channel is apparently associated with the regulation of neuro transmitter release (Stanley and Atrakchi, 1990) . P-type VDCCs have been proposed because of the presence of a voltage-dependent Ca2 + conductance in Purkinje cells that does not resemble pharmaco logically or biophysically the characteristics de scribed for L, N, or T channels (Llinas et aI. , 1989) . Functional L-type, DHP-sensitive VDCCs are known to exist in many neurons in the central ner vous system. High affinity saturable binding of eH]PN200-110 has been demonstrated in PC12 clonal cell lines of neural crest origin which exhibit a wide variety of neuronal properties in culture (Greenberg et al. 1986) . eH]nitrendipine high affin ity binding sites have been visualized by autoradi ography in synaptic rich zones of the brain (Gould et aI., 1982) . L-type VDCC agonists and antagonists have been shown to modify iCa2 + uptake caused by depolarizing stimuli in cultured neurons from differ ent parts of the brain including the striatum, hippo campus, cortex, septum, and cerebellum (Miller, 1987) . L-type VDCCs, however, are not common in nerve terminals and seem to be preferentially local ized to the postsynaptic cell membrane in studies using careful subcellular fractionation (Siekevitz et aI. , 1985) . Hanbauer et aI. (Sanna et aI. , 1985) stud ied eH]DHP binding in the striatum and found no change in binding when the dopaminergic input into the striatum was lesioned with 6-hydroxydopamine. Kainic acid lesions of the striatum, however, which destroy the cell bodies of intrinsic neurons, com pletely eliminated eH]DHP binding. These studies suggest that the eH]DHP binding sites are localized in the striatum to the post-synaptic cell bodies.
Ischemia-induced changes in receptor binding have been shown to take place in other organ sys tems. l3-adrenergic receptor number increases in ischemic myocardium after 1 hour of coronary liga tion (MukheIjee et aI., 1982) . a-adrenergic recep-J Cereb Blood Flow Metab, Vol. 12, No. 3, 1992 tors have been shown to increase after 30 min of ischemia in the myocardium, and this increase is sustained with reperfusion (Corr et aI., 1981) . Fur thermore, the L-type VDCC displays characteris tics of plasticity in response to other conditions in cluding aging (Govoni et aI., 1985) , cardiomyopa thy, and hypertension (Wagner et aI., 1989) as well as after chronic administration of drugs such as eth anol (Ruis et aI., 1987) , opiates (Ramkumar and el Fakahany, 1988) , phencyclidine (PCP) (Bolger et al. , 1985) , and neuroleptics (Ramkumar and el Fakahany, 1985) .
Ca2 + appears to play a major role in triggering cellular events during ischemia/anoxia and early reperfusion which lead to irreversible alterations and eventually cell death. Elevations in free cyto solic Ca2+ CCa2+) has been shown to activate cal cium-dependent phospholipases (Wielach and Siesjo, 1982) , which may alter the integrity of the cell membrane with the production of toxic free fatty acids and lysophospholipids (White et al. , 1983b; Bazan et aI. , 1971 ). In addition, Ca2+ is known to activate many important enzyme systems such as proteases, nucleases, adenylate cyclase, so dium-potassium-ATPase, and glycogen phosphory lase, and has been shown to uncouple mitochon drial oxidative phosphorylation (Lehninger, 1970) . Massive release of neurotransmitters (particularly catecholamines and excitatory amino acids) into the synaptic cleft and surrounding blood vessels is an other important consequence of increased iCa2 + . Possible mechanisms allowing Ca2 + influx from the extracellular to the intracellular space after isch emia include (a) reversal of ionic pumps such as the Na-Ca exchange, (b) direct damage to the cell mem brane allowing Ca2+ to enter directly along its con centration gradient (approximately 1: 10,000), (c) ac tivation of receptor-mediated channels, such as the N-methyl-D-aspartate (NMDA) receptor, (d) open ing of VDCCs located on the cell membrane.
This study supports the hypothesis that 10 min of global ischemia can increase the available number of L-type VDCCs in the cell membrane that con tribute to increased Ca2 + influx into the cells during ischemia/early reperfusion, triggering those neuro chemical processes thought responsible for de layed, programmed neuronal death. These second ary changes may outlast the changes in L-type VDCC activity observed in this study. Our data are supported by that of Magnoni et al (1991) who have demonstrated this same phenomenon in rat hippo campus following right carotid ligature. They ob served, however, not only a reversible increase in Bmax but in Kd as well. Our data suggest a change in Kd but did not reach statistically significant limits. Hogan et ai. (1991) have shown a correlation be tween severity of ischemia and nimodipine binding by in vivo autoradiography in a middle cerebral ar tery and ipsilateral common carotid artery model of focal cerebral ischemia in the rat. They suggest that activation of L-type VDCC binding is an indication of impending infarction and may be used as a mea sure of severity of ischemia and response to ther apy. Our data support their conclusions.
These studies provide a basis for explaining the mechanism of action of various therapeutic re gimes, particularly drugs that block the VDCC. PN200-110 can prevent the elevation of iCa2+ dur ing middle cerebral artery occlusion in rats (Abe et ai., 1988) and after hypoxia in cats (Greenberg et ai., 1991) . CCAs have also been shown to prevent the decrease in cerebral blood flow observed during reperfusion following cardiac arrest (White et ai. , 1983a) and increase cerebral blood flow in ischemic and nonischemic areas after embolic stroke (Sauter et ai. , 1989) . EEG activity (Meyer et ai. , 1990) , cell metabolism (Rosenthal et ai., 1987) , and cerebral edema (Abe et ai. , 1988) , as well as functional re covery (Edmonds et ai. , 1985; Steen et ai. , 1985; Vaagenes et aI., 1984) and infarct size (Sauter and Rudin, 1986) are all improved by treatment with CCAs in various models of ischemia and reperfu sion. The early and rapid increase in L-type chan nels does suggest that dihydropyridines, adminis tered soon after ischemia, might be therapeutically effective. This corresponds to recent reports (Steen et ai. , 1984) .
The mechanisms responsible for the increase in the VDCC binding sites in the brain after 10 min of ischemia are uncertain. Several possibilities can be considered. Increased de novo synthesis may ac count for increased receptor numbers, however the 1O-min time period seems relatively short for in creased incorporation of newly synthesized chan nels, particularly in the situation of limited or non existing energy reserves. The increase in binding sites may also be due to either incorporation of pre viously synthesized channels into the plasma mem brane from intracellular membrane vesicles and/or unmasking of latent channels on the cell membrane. This may be due to alterations in membrane phos pholipids in ischemic tissue (Sobel et aI. , 1978) . Methylation of membrane phospholipids has been shown to alter j3-adrenergic receptor number appar ently by differential uncovering of receptors in a more fluid membrane environment (Corr et aI. , 1981) . Another possibility relates to the fact that channel numbers have been expressed as PN200-110 bound per milligram of protein. It is possible that the increased binding sites during ischemia are an artifactual observation resulting from a decrease in total membrane protein content such that isch emic brain tissue contains relatively more channel protein than nonischemic tissue and thus there is only an apparent increase in absolute channel num bers. However, we have found essentially the same crude homogenate protein content in ischemic and nonischemic tissues in this model. Furthermore, it is possible that the increase in Bmax relates to a shift of low affinity channels to the high affinity inactive state in the ischemic depolarized membrane (Bean, 1984) . Another alternative interpretation might be that the ischemic period causes biochemical alter ation of existing VDCCs, such as phosphorylation changes, which might change dihydropyridine bind ing.
We do not currently have evidence that the in creased number of binding sites is related to an in crease in the number of active channels. No study has addressed whether this ischemia-induced in crease in the Bmax of calcium channel antagonist binding is associated with a change in the gating or voltage dependence of these channels. However, other studies have demonstrated increase in dihy dropyridine binding that is associated with en hanced channel function (Ohnishi et al. , 1989) .
In conclusion, we have demonstrated that 10 min of VF cardiac arrest in dogs is associated with a 250% increase in the binding of the L-type VDCC ligand eH]PN200-110 to brain cortex crude synap tosomal membranes. This increase is only partially reversible at 24 h. The binding affinity did not seem to be affected in our study. These results support the hypothesis that an increased number of VDCCs on the cell membrane allows for increased Ca2+ entry during ischemia and early reperfusion. This may also provide a rational basis for specific treat ment regimens.
